The right hemisphere plays a crucial role in social processing. Human mothers show a robust left cradling/holding bias providing greater right-hemispheric involvement in the exchange of social information between mother and infant. Here, we demonstrate that a similar bias is evident in face-to-face spatial interactions in marine and terrestrial non-primate mammals. Walruses and Indian flying foxes showed a significant population-level preference for the position which facilitates the use of the left visual field in both mother and infant. This behavioural lateralization may have emerged owing to benefits conferred by the enhanced right-hemispheric social processing providing the mother and infant an optimal perception of each other.
Introduction
Asymmetrical functioning of the nervous system and associated behavioural lateralization manifested as sensory and motor biases are ubiquitous among vertebrate and invertebrate animals [1] . A diversity of organisms sharing this trait implies its ancient evolutionary origin and significant contribution to biological fitness [2] . There is an increasing amount of empirical evidence for selective advantages of lateralized processing of and responding to environmental stimuli. Lateralized individuals demonstrate improved cognitive and motor abilities, outperforming non-lateralized individuals in a variety of tasks (e.g. [3] [4] [5] ); while within a social group [6] , conformity of lateralized behaviour provides enhanced escape performance [7] .
Behavioural evidence for cerebral lateralization is seen not only in experimental tasks [8] or distinct actions/responses in natural settings [9] but even in the routine positioning of the individual in its environment [10] . In the context of social behaviour, this offers the possibility of assessing lateralization by observing the physical position taken by the individual relative to conspecifics. Preference to keep a social partner on a particular side usually reflects hemispheric specialization since visual information about the social partner is primarily transferred to and processed by the animals' contralateral brain hemisphere [11] . A general pattern of using the right hemisphere to attend to social stimuli and control social responses is observed across a wide variety of vertebrates [11] .
Remarkably robust lateralization has been found in the interactions within mother-offspring pairs in mammals [12] [13] [14] . The left eye-right hemisphere advantage is widely considered to underpin the left cradling/holding bias, which features maternal behaviour in humans, chimpanzees and gorillas [15] [16] [17] [18] . A recent study on 11 species of marine and terrestrial mammals showed that infants approaching the mother from behind prefer to take a spatial position that lets them keep the mother in the left hemispace (left visual field), implicating the right hemisphere [13] . In two species, a similar preference was revealed in mothers approaching their infants from behind. The typical co-directed position of mother and infant allows only one of them to use the preferable left eye-right hemisphere system. In contrast, human left-sided cradling/holding favours greater right-hemisphere involvement in both the mother and the infant, thus, providing the optimal flow of sensory information between them [17] . Are primates the only mammals which solve the conflict between mother's and infant's hemispheric lateralization by choosing the spatial position that provides optimal social processing to both? Here we address this question investigating close face-to-face interactions between mother and her infant, resembling those of humans, in non-primate mammals. We studied two phylogenetically and ecologically distant species offering the opportunity to examine lateral biases in face-to-face mother-infant positioning unobtrusively in the wild.
Methods
Species chosen for this study adopt both the face-to-face position of mother and infant (what enables comparison with humans and great apes) and side-by-side position (to compare with previously studied non-primate mammals). The birth of a single offspring and prolonged periods that mother and infant spent in close proximity to each other were additional criteria for the choice of study species. Details of the methods are given in Supplementary Methods in the electronic supplementary material.
Pacific walrus (Odobenus rosmarus divergens) mothers with calves (4-15 months old) resting in the shallow water were observed from a 60 m cliff above a haulout on Kolyuchin Island, Chukchi Sea, Russia [13] . Individual recognition was conducted using photo-identification [9, 13] . We recorded discrete motherinfant reunions after spatial separations resulting in: (i) face-toface resting in the vertical position with mother embracing the calf or (ii) the calf floating horizontally on the side of its vertically oriented mother prior to diving for underwater suckling (figure 1; electronic supplementary material, video S1). The lateralization of these intimate mother-calf interactions has not been studied previously, while lateral position choice in walrus calves during travelling and resting has been investigated before [13] .
In Indian flying foxes (Pteropus giganteus), mothers with five to six months-old pups were observed hanging on a tree at two colonies in Sri Lanka: near Udawalawa Junction (UJ) and near Thalgaswewa Tank (TT). Data were recorded by scanning each tree branch sequentially with binoculars and observing one pair after another that resulted in each pair being observed just once. The relative positioning of mother and infant was recorded in the following behaviours: (i) face-to-face resting, (ii) face-to-face licking (the pup licks the mother), (iii) the pup is attached to the mother's nipple, (iv) the pup hangs on the side of its mother (recorded only if infant's active choice of the position was observed) (figure 2).
In both species, we analysed the frequency of positioning which favours the left/right visual field use by pair members. Pairs were distributed into just one behavioural category. The number of left and right visual field positionings (single observation per pair) was compared in each behaviour. Analysis based on single observations has repeatedly proven to be an adequate method for estimation of population-level lateral biases in mother-offspring interactions ( [13] , see Supplementary Methods in the electronic supplementary material). Additionally, for walrus calves floating by their mother's side, we calculated a laterality index (LI): (L 2 R)/(L þ R) based on multiple observations per pair (10) . Finally, we compared the duration of left and right visual field positionings for face-to-face resting in walruses and infant attachment to the mother's nipple in flying foxes (single duration per pair). Dichotomous variables were analysed using a binomial z test and continuous data were analysed using parametric or non-parametric statistics (normality assumptions were tested using a KolmogorovSmirnov test). All analyses were two-tailed with a set at 0.05. Table 1 shows the sample sizes and the distribution of left and right visual field positionings and the lateral preference testing results.
Results
(a) Face-to-face position of mother and infant When resting face-to-face walrus mothers and infants were significantly more likely and longer (t 17 ¼ 2.74, p ¼ 0.014, n ¼ 19, unpaired t test) in the position that facilitates the use of the left visual field. In flying foxes, no significant difference was revealed between two colonies ( p . 0.05, z test for proportions) and the data were pooled. The preference for the left visual field positioning was found in face-to-face resting and licking. In pups attached to the mother's nipple the bias did not reach significance, but the episodes of nipple attachment facilitating left visual field use were significantly longer (UJ: U ¼ 32.5, p ¼ 0.011, Mann-Whitney U test; TT: t 14 ¼ 2.38, p ¼ 0.032, unpaired t test; pooled: U ¼ 88, p , 0.001, n ¼ 43, Mann-Whitney U test; electronic supplementary material, tables S1 and S2). 
Discussion
Our results demonstrate that marine and terrestrial nonprimate mammals can show lateralization of face-to-face spatial interactions between mother and her offspring, previously known only in primates. A significant populationlevel preference for the position that facilitates the use of the left visual field in both mother and infant was revealed in walruses and flying foxes ( figures 1a and 2a,b) . According to the widely accepted concept, left-sided visual bias in monitoring the social partner implies right-hemispheric specialization for social processing (e.g. [8, 10, 11] ). This is the right hemisphere which plays a crucial role in a variety of social cognition tasks ranging from face and emotion recognition to spatial coordination and social learning [11, 19] . Mother and infant, both using the left visual field, can, therefore, gain optimal perception of each other provided by the flow of information between their right hemispheres [17] . Thus, our findings indicate that facing each other the mother and her infant take a mutually beneficial spatial position favouring greater right-hemisphere involvement.
In humans, mothers regulate the physical position of an infant when cradling. Here we did not differentiate the roles of the mother and infant in the asymmetrical face-to-face positioning which is a result of the difficult-to-trace interactive spatial interplay between the pair members. One may suggest that the mother, being dominant, determines the relative positioning when interacting with an infant and, consequently, determines the lateralization. However, our results show that infants actively choosing side position relative to the mother also keep her predominantly in their left visual field (figures 1b and 2d). Thus, moving independently walrus and flying fox infants show left-sided preference in social behaviours in line with infants of other mammals studied so far [13] .
Further evidence of lateralization comes from the comparison of time spent in different positions. In walruses, the episodes of face-to-face resting favouring the left visual field use in mother and infant were longer than the episodes favouring the right visual field use. The same is true for the episodes flying fox infants spent attached to the mother's nipple (not necessary including suckling), although there was no significant lateral bias in the frequency of the nipple use. The latter may be explained by the use of both mother's mammary glands for suckling itself, while the longer time intervals spent attached to the left nipple suggests that this position is more comfortable for the infant. Overall, the position which allows keeping the mother in the left visual field appears to be preferable for the infants.
In summary, our results show that the left-sided positional bias in face-to-face mother -infant interactions is not a unique feature of primate evolution, and occurs in different groups of mammals. This consistent pattern may have emerged owing to mutual perceptual benefits resulting from enhanced social processing by the right hemisphere.
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